Particle size and number distribution from an engine tailpipe has a direct bearing on the residence time of the particles in the atmosphere and their toxicity. This study presents the number concentration and size distributions of nano-particles emitted from naturally aspirated, water cooled, single cylinder, diesel fuelled direct injection compression ignition (DICI) engine. The engine exhaust particle sizer (EEPS) was used for measurement of number, surface area and mass distributions of soot particles. It measures particle sizes ranging from 5.6 to 560 nm. Reading the size distribution 10 times per second allows for the measurement of transient emissions of soot particles. The experiments were conducted at a constant engine speed (1500 rpm) with varying engine load. It was found that (a) number and size distribution, (b) surface area and size distribution, and (c) mass and size distribution of soot particles varies significantly with the engine load. The width of the emitted particle size distribution increases with increasing engine load.
INTRODUCTION
The merits of diesel engines, compared to other internal combustion engines, include lower fuel consumption, and lower unburned hydrocarbons emissions, due to the overall lean combustion (equivalence ratio of the order of 0.5), and a better fuel efficiency due to controlled non-homogeneous combustion (diffusion flame) at high pressures. Diesel engine is therefore an attractive option to reduce CO 2 emissions from automobiles and counter greenhouse gas effects (Belardini et al., 1998) . On the other hand, the existence of fuel-rich high temperature zones lead to fuel pyrolysis, hence a diesel engine also produces soot particle emissions. Given the intensive use of diesel engines and the detrimental effects of soot particles on environment and health (USEPA, 2002) , more stringent emissions standards have been imposed (OECD, 2001) .
Soot is formed from unburned fuel, which nucleates from the vapour phase to a solid phase in fuel-rich regions of combustion chamber at elevated temperatures. Soot is a solid substance consisting of roughly eight parts carbon and one part hydrogen (Tree et al., 2007) . Newly formed particles have the highest hydrogen content with a C/H ratio as low as one, but as soot matures, the hydrogen fraction decreases. The density of soot is reported to be 1.84 ± 0.1 g/cm 3 by Choi et al. (1994) and it agrees with values reported elsewhere. Hydrocarbons and other available molecules may condense on, or get absorbed by soot particles depending on the surrounding conditions. Particulates are a combination of soot and other liquid or solid phase materials that are collected when exhaust gases pass through a filter. Particulates are often separated into a soluble (typically in an organic solvent like benzene) and an insoluble or dry fraction. Soot is often estimated by finding the insoluble portion of the particulates. The fraction of soot in particulate from diesel exhaust varies, but is typically higher than 50%. Other particulate matter constituents include partially burned fuel and lubricating oil, moisture, metals from engine parts and fuel-origin sulphates (Ullman, 1989; Lee et al., 1998) . The evolution of liquid or vapour phase hydrocarbons to solid soot particles generally involves six commonly identified processes namely: pyrolysis, nucleation, coalescence, surface growth, agglomeration, and oxidation. A sequence depicting the soot formation process is shown schematically in Fig. 1 , while oxidation (the sixth process) converts hydrocarbons to CO, CO 2 and H 2 O at any point during these five processes.
These processes may proceed in a spatially and temporally separated sequence as it occurs in a laminar diffusion flame or all of the processes may occur simultaneously as in a wellstirred reactor. In practical combustion systems like diesel Fig. 1 . Schematic diagram of the steps involved in soot formation (Tree et al., 2007) . engines, the sequence of processes may vary between these two extremes.
The residence time of particles in the atmosphere is longest for particles in the diameter range of 0.1-10 µm and is typically about one week. Larger particles are removed from the atmosphere quite quickly by settling process and smaller ones by diffusion and coagulation processes. A typical residence time for 10 nm particles is only about 15 minutes (Harrison, 1996) . The main mechanism for removal of these tiny particles is coagulation with particles in the accumulation mode. Atmospheric aerosols also influence the climate by scattering or absorbing sun light and by acting as cloud condensation nuclei (Seinfeld and Pandis, 1998) . Particles interact with light by absorption and scattering. For diesel particulates, absorption is much stronger than scattering and is relatively independent of particle size for light in the visible range. These properties depend on particle size, shape, and composition (Scherrer and Kittelson, 1981; Kittelson et al., 1988) . The absorption is due to the carbon content of the particles. Light scattering is strongly dependent on particle size and shape and is typically maximum for particles a few tenths of a micron in diameter. The light scattering is mainly due to particles in the accumulation mode size range. Ultra-fine and nano-particles scatter light very weakly. These tiny carbon particles directly affect the Earth's radiation balance by absorbing solar radiation in the atmosphere. This enhances the global warming (IPCC, 2001) . Numerical aerosol models predicting the aerosol behaviour in the atmosphere take into account the particle residence time and optical properties. The size and morphology of non-volatile soot particles affect both these factors (Colbeck et al., 1989 (Colbeck et al., , 1990 . Thus detailed study of the structure, size, and concentrations of particles emitted from different sources is essential for modelling purposes.
Ambient fine particles are of current interest due to their deleterious health effects on population at large (Dockery and Pope, 1994 ). The aspect of particle size that is attracting the greatest attention is the influence of fine and ultrafine particles on human health. Adverse health effects seem to be linked with smaller particles. The efficiency of deposition in the human respiratory tract depends upon the particle size. In particular, pulmonary deposition increases with decreasing particle size. Recently, special concerns have been raised for particles in the ultra-fine and nanoparticles size ranges. Particles that are non-toxic in µm size range may be toxic in nm size range. In addition, the properties of non-volatile soot particles also have been related to adverse health effects (Dasenbrock et al., 1996; Berube et al., 1999; Gehr 2000) . There are more than 50 million constant speed direct injection diesel engines operating in India alone in agricultural sector as well as decentralized power generation sector and this number is several times higher than total number of diesel engines used in transportation sector in the country. Therefore, the environmental and health impact of this class of engines is clearly going to much higher than the engines used in transportation sector.
The objective of this study is to characterize the particles number concentration and size distribution from naturally aspirated gen-set engine at different engine loading conditions operating at constant speed. This type of engine is mostly used for decentralized power generation, irrigation and agricultural usage worldwide.
EXPERIMENTAL SET UP
There has been increased interest in obtaining size distribution data during transient engine operation where both particle size and total number concentrations can change dramatically. Till recently, the Scanning Mobility Particle Sizer (SMPS) system was widely used to measure the size distribution of engine generated aerosols. Since the SMPS requires a minimum of 60 sec to make a measurement, its use has been limited to stable engine operating conditions only. A newly developed Engine Exhaust Particle Sizer (EEPS) spectrometer provides both high temporal resolution and size resolution by using multiple charge detectors in parallel. This makes the EEPS ideal for measuring engine aerosols even in transient conditions. It measures particle sizes ranging from 5.6 to 560 nm with a sizing resolution of 16 channels per decade (a total of 32 channels). Reading the size distribution 10 times per second allows for the measurement of transient particulate emissions. The particle mobility measurement is made similar to what is done in the SMPS however multiple electrometers are used to provide simultaneous measurements. A naturally aspirated single-cylinder direct injection water cooled diesel engine was used in this study. The technical specifications of the engine are provided in Table 1 .
The engine was coupled with a single phase, 220 V AC Fig. 2 shows the schematic of experimental setup.
Experimental Procedure
All experiments were carried out at constant engine speed (1500 rpm) with varying engine load. Commercially available diesel was used for these experiments. At each engine operating condition, engine was stabilized for 10 minutes and then the measurements were made. Experiments were done at three different engine loads (0 kW, 3 kW and 5 kW). For measuring particle size distribution in the diesel engine exhaust, EEPS (Make: TSI, USA; Model: 3090) was used. Working principle of EEPS is described in detail by Gupta et al. (2010) . A part of exhaust from engine was drawn from the exhaust pipe. Dilution of this exhaust gas was carried out using rotating disc thermo-diluter (Make: Matter Engineering; Model: 379020) to reduce the particle concentration to a value, which is within the measurement range of the EEPS. For the present set of experiments, exhaust gas was diluted by a dilution ratio of 111:1. Particle concentrations and number distribution data was stored in computer for further analysis and this dilution factor was accounted for before presenting all the results.
RESULTS AND DISCUSSIONS
The measurement of soot size distribution was made after the stabilization of engine and under optimum running conditions. All the results presented in this paper are average of sixty data points and its corresponding standard deviation is also reported. The process of soot formation and release in diesel engines is strongly influenced by the localised temperature distribution and fuel/air ratio, which vary greatly inside the combustion chamber. The variations in temperature and fuel/air ratio affects the rate of soot formation and release. In the fuel rich spray zones, the rate of soot formation is greater than the rate of soot oxidation, which leads to formation of new soot, while in the lean zones, the rate of oxidation is more than the rate of formation, therefore, the net effect is a reduction in the soot concentration in these zones. Fig. 3 shows the particle number and size distribution at different engine loads. It can be seen that smaller particles in the size range of 40-50 nm dominate at no load. As the load is increased, dominating size range decreases and particles in the size range of 20-25 nm have the highest number concentration. On increasing the engine load further, the number of smaller size particles reduce significantly and particles in the size range of 60-70 nm start dominating.
Temperature inside the combustion chamber increases as load on the engine increases. Temperature has the greatest effect among all parameters of the soot formation process as it increases all the reaction rates involved in soot formation and oxidation reactions. As temperature of combustion chamber is increased, the rate of oxidation increases more rapidly than the rate of soot formation (Glassman, 1988) .
It can be seen that the number distribution obeys lognormal distribution pattern and distribution width increases with increasing engine load (Fig. 3) . Harris et al. (2001) conducted experiments on diesel engine and examined soot particle distribution under various engine operating conditions. They also observed that distribution of soot particles follow nearly log-normal distribution. At higher engine loads, the combustion chamber temperature and the amount of injected fuel are also higher, while the air/fuel ratio is on the lower side. These conditions increase the initial soot formation and also accelerate the agglomeration process. Due to faster agglomeration process, the peak of the number distribution is towards larger particles at higher load. Broadening of the particle size distribution with engine load is also in agreement with Virtanen et al. (2004) .
Nearly whole surface area of individual nuclei that comprise the agglomerates is available for adsorption. Thus, the surface area of diesel particles is probably more a function of the size of the individual nuclei in the agglomerates rather than the agglomerate size (Kittelson, 1998) . This surface area may be available for atmospheric reactions. In the atmosphere, various atmospheric constituents will compete with exhaust constituents for this surface area. Smaller particles tend to have significantly higher surface area per unit particle mass compared to larger particles, thus offering larger surface area for condensation/adsorption of toxins such as VOC's and PAH's. Therefore, smaller particles tend to become more hazardous for human health compared to larger particles. Fig. 4 shows the surface area distribution of soot particle at different engine loads. Surface area of particles depends on diameter and number distribution. It can be seen that the surface area of particles in the dominating size range (40-50 nm) is highest. When the load increases to 3 kW, the dominating surface area reduces because the size of the particle now reduces to 20-25 nm. The particles in the size range of 75-85 nm dominate the surface area, inspite of lower number density. At 5 kW load, particles in the size range 80-110 nm dominate.
The mass of soot particles emitted by engines is very important from emission legislation point of view. As of now, the total mass is the indicator used and the size distribution is not at all important from emission legislation point of view. The mass distribution of particles with size is shown in Fig. 5 . It can be seen that mass distribution essentially depends on the engine load. Higher is the engine load, larger particle size range dominates the mass spectrum.
CONCLUSIONS
The size, surface area and mass distributions of soot particles were investigated in the exhaust from a single cylinder direct injection compression ignition engine for different engine loads ranging from no load to full load at constant engine speed in a typical engine used in agricultural/decentralized power generation sector. It was found that the shape of the size distribution curve of soot particles depends on the engine load. Size range of the particles increases as engine load is increased. Smaller particle in the size range of 40-50 nm dominate at no load while at full load, particles in the size range of 60-70 nm dominate. The number distribution obeys log-normal distribution pattern. Peak of the surface area distribution shifts towards the larger size range of the particles as engine load was increased. Mass distribution of the particles also depends on the engine load. Coarser particles dominate the mass spectrum at the higher engine loads.
